Genome-wide analysis of the rat colon reveals proximal-distal differences in histone modifications and proto-oncogene expression. Physiol Genomics 45: 1229 -1243. First published October 22, 2013 doi:10.1152/physiolgenomics.00136.2013.-Since disease susceptibility of the intestine exhibits an anatomical bias, we propose that the chromatin landscape, especially the site-specific epigenetic differences in histone modification patterns throughout the colonic longitudinal axis, contributes to the differential incidence of site-specific pathology. To test this hypothesis, we assessed the chromatin structure associated with gene expression profiles in the rat proximal and distal colon by globally correlating chromatin immunoprecipitation next-generation sequencing analysis (ChIP-Seq) with mRNA transcription (RNA-Seq) data. Crypts were isolated from the proximal and distal colonic regions from rats maintained on a semipurified diet, and mRNA gene expression profiles were generated by RNA-Seq. The remaining isolated crypts were formaldehyde-cross-linked and chromatin immunoprecipitated with antibodies against H3K4me3, H3K9me3, and RNA polymerase II. Globally, RNA-Seq results indicate that 9,866 genes were actively expressed, of which 540 genes were differentially expressed between the proximal and distal colon. Gene ontology analysis indicates that crypt location significantly affected both chromatin and transcriptional regulation of genes involved in enterocyte movement, lipid metabolism, lymphatic development, and immune cell trafficking. Gene function analysis indicates that the PI3-kinase signaling pathway was regulated in a site-specific manner, e.g., proto-oncogenes, JUN, FOS, and ATF, were upregulated in the distal colon. Middle and long noncoding RNAs (lncRNAs) were also detected in the colon, including select lncRNAs formerly only detected in the rat nervous system. In summary, distinct combinatorial patterns of histone modifications exist in the proximal versus distal colon. These site-specific differences may explain the differential effects of chemoprotective agents on cell transformation in the ascending (proximal) and descending (distal) colon. chromatin immunoprecipitation; epigenetics; histones; distal colon; proximal colon THE COMPLEXITY OF CELLULAR chromatin structure is in part dictated by the histone code, consisting of a variety of histone tail posttranslational modifications (PTMs) that can be found in each nucleosome. For example, actively expressed genes are associated with decreased gene-suppressive histone H3 lysine 9 trimethylation (H3K9me3) modifications (51). Conversely, gene-activating H3K4 trimethylation (H3K4me3) promotes mRNA expression. This pattern is observed in nucleosomes near transcription start sites (TSSs) of active and stalled protein-coding and noncoding RNAs that are enriched for H3K4me3. Collectively, these and other modifications are now considered indicators of nascent gene and noncoding RNA transcripts (5).
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Many diseases of the colon exhibit an anatomical bias. For example, in the distal colon these maladies include ulcerative colitis, chromosomal instability-induced cancer, Crohn's disease, and diverticulitis. Contrastingly, in the proximal colon, ischemic colitis, collagenous colitis, and microsatellite instability-induced cancer are highly prevalent (12, 20, 26) . Furthermore, proximal and distal colorectal cancers (CRCs) have been reported to exhibit distinct gene-specific methylation profiles, transcriptional profiles, and molecular and clinical characteristics (10, 18, 30) . Since there are no cell lines that uniquely represent the proximal or distal colon, the need to identify regional epigenetic differences at the chromatin level in an in vivo model remains unfulfilled.
The rodent colon tumor system is a valuable model for studying dietary and environmental modifiers of human colon cancer risk (2, 7) . For example, the rat azoxymethane (AOM) carcinogenesis-induced model mimics the neoplastic processes observed in humans during both the initiation and promotion/ progression stages of carcinogenesis, including similarities in 1) light and electron microscopic morphology, 2) histochemical properties, and 3) biological behavior of colon carcinomas (19, 46) . However, despite the advantages of animal models, genome-wide assessment of chromatin state and transcriptional regulation has been hampered because of the challenges associated with chromatin immunoprecipitation (ChIP) of organ tissues for high-throughput sequencing.
To date, a genome-wide histone PTM occupancy analysis has not been performed in an in vivo model of intestinal development. In vitro studies from cell lines in which ChIP, combined with high-throughput sequencing (ChIP-Seq), provide access to only the subset of chromatin PTMs that are active in a given cell type under culture standardized conditions. This limits insight into their in vivo function. Therefore, we determined the chromatin structure associated with gene expression profiles in the rat proximal and distal colon by globally correlating ChIP next-generation sequencing analysis (ChIP-Seq) with mRNA transcription (RNA-Seq) data. This characterization provides the first available in vivo genomewide map of histone PTMs in the rat colon with respect to the relationship between chromatin alterations and gene transcription. For this purpose, we globally identified the transcriptome and genomic sites populated by H3K4me3 in colonic crypt epithelial cells. By assessing the correlation between histone PTMs and transcriptional data, we identified canonical pathways influenced by differential H3K4me3 occupancy and RNA expression. We were also able to catalog the middle and long noncoding RNAs transcribed in the colon, including select long noncoding RNAs (lncRNAs) formerly only detected in the rat nervous system. In addition, in silico analysis of transcription factor (TF) activity revealed tumor suppressors and oncogenes unique to the distal and proximal colon. Knowledge of the proximal versus distal colon epigenetic landscape will assist in the improved detection, therapy, and prognoses of colonic disease.
METHODS

Animals
Seven male Sprague-Dawley rats, 14 wk of age, were individually housed in the same room and maintained in a temperature-and humidity-controlled animal facility with a daily 15 h light/9 h dark photoperiod. The animal use protocol was approved by the University Animal Care Committee of Texas A&M University and conformed to National Institutes of Health (NIH) guidelines. Rats were fed a semipurified diet containing (g/100 g diet): 51.00 dextrose, 22.40 casein, 0.34 D,L-methionine, 3 .91 AIN-76 salt mix, 1.12 AIN-76 vitamin mix, 0.13 choline chloride, 6 .00 pectin, 15.0 g corn oil/100 g diet.
Isolation of Colonic Crypts
Rats were terminated by CO 2 asphyxiation, followed by cervical dislocation. The large intestine was resected from the junction between the cecum and the rectum and was opened longitudinally and washed in 1ϫ PBS. Subsequently, the visible "herringbone" folds were used to identify the proximal colon. The region distal to this point was referred to as the distal colon The colonic sections were incubated with HBSS (Hanks' balanced salt solution, without Ca 2ϩ and Mg 2ϩ ) containing 1 mM glutamine, 0.1% BSA, 30 mM EDTA, and 5 mM DTT, adjusted to pH 7.5, for 15 min in a 37°C shaking incubator as we have previously described (56) . Following incubation, tissue sections were placed in a petri dish on ice, and the colonic crypts isolated by scraping with a rubber policeman. Isolation of crypts was verified by histological examination to ensure that epithelial cells were removed and the lamina propria and muscle layers remained intact. Cells were washed with HBSS and centrifuged at 100 g, for 15 min. The pellet was resuspended in HBSS, and an aliquot of the crypts was subsequently used to create mRNA expression profile libraries. The remaining crypts were immediately cross-linked for ChIP analysis.
Western Blot
Colonic crypts were rocked in 50 mM HEPES-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100 with protease inhibitors for 10 min at 4°C, followed by centrifugation at 1,350 g, 4°C for 7 min. The crypt-containing pellet was subsequently resuspended in 10 mM Tris·HCl, pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA with protease inhibitors and incubated by gentle rocking at room temperature for 10 min. Nuclei were pelleted by centrifugation at 1,350 g, 4°C for 7 min, and resuspended in RIPA buffer (50 mM HEPES-KOH, pKa 7.55, 500 mM LiCl, 1 mM EDTA, 1.0% NP-40, 0.7% Na-deoxycholate with protease inhibitors). Nuclear lysates (2 g protein) were treated with 1ϫ pyronin sample buffer and subjected to SDS polyacrylamide gel electrophoresis (PAGE) in precast 4 -20% Tris-glycine mini gels (Invitrogen). After electrophoresis, proteins were electroblotted onto a polyvinylidene fluoride membrane with the use of a Hoefer Mighty Small Transphor unit at 400 mA for 90 min. Following transfer, the membrane was incubated in 5% milk and 0.1% Tween 20 in Trisbuffered saline (TBST) at room temperature for 3 h with shaking, followed by incubation with shaking overnight at 4°C with primary antibody diluted in 5% milk in TBST. Membranes were washed with TBST and incubated with secondary peroxidase-conjugated secondary antibody as per manufacturer's instructions. Bands were developed using Pierce SuperSignal West FemtoTM maximum sensitivity substrate. Blots were scanned with a Fluor-S Max MultiImager system (Bio-Rad, Hercules, CA). Quantification of bands was performed with Quantity One software (Bio-Rad). Primary antibodies were used against histone H3 trimethyl K4 (ab1012) and histone H3 (ab1791). Peroxidase-conjugated goat anti-rabbit IgG was purchased from Kirkegaard and Perry Laboratories (Gaithersburg, MD).
ChIP and Sequencing
ChIP-Seq analyses were performed to determine global histone mapping in crypts isolated from the proximal versus distal colon (Fig. 1A) . A modified version of the ChIP protocol described by Lee et al. (25) was utilized. Specifically, cells were cross-linked by adding freshly prepared formaldehyde at a 1% concentration for 25 min at room temperature followed by quenching with glycine. Cells were then lysed and sheared in 3 ml tubes at 4°C using a Covaris S2 sonicator to obtain DNA distributions of ϳ300 bp (range of 200 -400 bp): duty cycle 20%, intensity 8, cycles/burst 200, and time 40 min. ChIP antibodies included: ChIP Grade (Abcam, ab8898) anti-histone H3 (trimethyl K9) antibody, ChIP Grade (ab1012) anti-histone H3 (trimethyl K4) antibody, ChIP Grade (ab5408) RNA Polymerase II CTD repeat YSTSPS phospho-Ser-5 antibody. The specificities of all antibodies were tested by Western blot and ChIP-qPCR. Antibodychromatin complexes were captured with Dynabeads G Protein coupled (Dynal) and eluted with 1% SDS in 50 mM Tris·HCl pH 8.0 10, and 10 mM EDTA, after extensive washing. Cross-linking between DNA and chromatin proteins was reversed by incubation at 65°C overnight. DNA was purified by QIAquick PCR Purification Kit (Qiagen 28004) and dissolved into 50 l EB (10 mM Tris pH 8.0) buffer per immunoprecipitation. Equal amounts of ChIPed DNA from each of the seven rats were pooled and used for high-throughput sequencing.
Bioinformatic Analyses
Sequence reads were aligned to the rat genome (rn4) with standard Illumina Pipeline Analysis software, and only nonidentical uniquely mapped reads were retained. Sequence read numbers were summed into 200 bp nonoverlapping windows with read position shifted 75 bp to represent the DNA fragment center. Output data from the pipeline were converted to browser extensible data (BED) files for viewing in the UCSC genome browser. Genomic regions with histone modification marks were identified using SICER with an E-value of 100 (54) . ChIP-Seq data are presented from both BED files and SICER-processed BED files. A submodule of the SICER program was employed to select regions that exhibited significant differences in the tag counts between the two colonic regions (P value Ͻ 0.00001, fold change Ͼ 2). The nearest gene to each island, i.e., within 2 kb of the island, was identified with closestBed from the BEDTools software suite (38) and the refGene table downloaded from the UCSC Genome Browser for the Baylor 3.4/rn4 assembly (16) .
RNA Isolation
For total RNA isolation, colonic crypts were homogenized on ice in lysis buffer (RNAqueous Isolation kit, Ambion) and frozen at Ϫ80°C until RNA was isolated. Subsequently, total RNA was isolated with the RNAqueous kit, followed by DNase treatment. RNA integrity was analyzed on an Agilent Bioanalyzer to assess RNA integrity.
RT-qPCR and ChIP-qPCR
To assay enrichment of select regions in ChIP DNA and to confirm H3K4me3 and RPOLII binding at TSS regions of interest, quantitative PCR (qPCR) was carried out in triplicate with primers specific for these regions using SYBR Green Mastermix (Applied Biosystems). We present data as fold-enrichment by the ⌬⌬cycle threshold (ddCT) method comparing the ChIP antibody signal to a negative control IgG for the distal and the proximal colon regions. Fold enrichment ϭ 2^(Ct IgG Ϫ CtIP)distal colon/2^(CtIgG Ϫ CtIP)proximal colon (4) .
Primers used for ChIP-qPCR include: EPHB3 near TSS (ϩ15) forward primer (FP) 5=-CGAGGACCAGCAGAAGTGAG-3 and reverse primer (RP) 5=-GGGGTAGGAGCCGGTATCA-3=, EPHB3 downstream (ϩ18605) FP 5=-CCAGAGACTGACTCAGAGAGC-3= and RP 5=-AGCTTGTACACACTCATGCT-3=. FABP1 near TSS (ϩ419) FP 5=-CATTATTCAAGGCCAACCATATCTC-3= and RP 5=-CCCCATCTGTCTCCCTGGTA-3=, FABP1 downstream (ϩ2541) FP 5=-CATGAATGCTGGAAAACCTGAA-3= and RP 5=-TGGTGC-CGATTCTAAGCTGAA-3=. HPRT1 near TSS (ϩ579) FP 5=-GC-CTGGGCTTTGCCTCTAAT-3= and RP 5=-GGAGCAATTGCG-CATTCC-3=, HPRT1 downstream (ϩ5284) FP 5=-GGCGGCTAT-TCAGGAACTCTCT-3= and RP 5=-GATGGTATGGTGGATGGTT-TGG-3=. MYOD1 near TSS (ϩ224) FP 5=-TTGGGTTGAGC-GAGAAGCA-3= and RP 5=-CGGAGTGGCGGCGATA-3=, MYOD1 downstream (ϩ2031) FP 5=-TGCCCCTGGGTCCTTCAT-3= and RP 5=-GGACAATTGGGAGGAGTGTCA-3=. NFIB near TSS (ϩ152) FP 5=-GAAGTAGTGAGGAGTTGCGG-3= and RP 5=-CTGGGAT-GGGCGTATAAGGT-3=, and NFIB downstream (ϩ18239) FP 5=-CTGTGGTGTGCCTTTTCTCT-3= and RP 5=-TATCGTCTGAACG-GCAACTG-3=. To assay for gene expression, cDNA was synthesized from 100 ng of total RNA using random hexamers and oligo dT primers with Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA). PCR was performed (primer sequences available online) using Taqman rat assays and Taqman master mix (Applied Biosystems, Foster City, CA) and normalized to HPRT1. Data are presented as fold enrichment for the gene of interest versus HPRT1 by the ddCT method comparing the distal to proximal colon (37) .
RNA-Seq
Equal amounts of RNA from the distal or proximal colon from individual rats were pooled, and the two samples were used for high-throughput sequencing. A total of 150 million (74 million proximal and 76 million distal colon) 40 bp single-end Illumina reads were obtained from a multiplexing run on a single lane. Reads were filtered for adapter sequences and trimmed based on sequence quality (threshold of Q20) using ea-utils toolkit (https://code.google.com/p/eautils/). Filtered reads Ͻ20 bp in length were discarded. Spliced alignment was performed against the rat genome (rn4) using tophat2 (48) without allowing any mismatches to reduce the number of false positives and the resultant alignments were further processed with cufflinks2 (40) to perform reference annotation-based transcript assembly with bias and multiread correction. Differential expression analyses were performed with cuffdiff2 and cummeRbund (49) . The cuffcompare program of cufflinks2 pipeline (reference annotationbased method) was used to classify the assembled transfrags into different classes. The transfrags annotated with class codes u (unknown intergenic transcript) and i (a transfrag falling entirely within a reference intron) were selected to annotate against known lncRNAs. A custom perl script was written to fetch sequences for the coordinate information produced by cuffcompare. NONCODE v3, UCSC, and fRNAdb v3.0 databases were downloaded and only noncoding RNA (ncRNA) sequences belonging to the rat genome whose length was Ͼ100 bp were used to create a unified database (6, 27, 29) . The fetched sequences from UCSC were then queried for ncRNA sequence similarity with blastn by thresholding at 1e-10 (3, 21). High confidence hits, % with high-scoring segment pair length Ͼ100 and whose identity was Ͼ95% were retained. Whenever possible, BLAST results were further filtered to remove hits that did not correspond to known ncRNA coordinate information. Due to the consistent lack of coordinate information for the known ncRNA sequences, the results include matches to multiple genomic locations.
Functional Analyses
Ingenuity Pathway Analyses. "Functional enrichment" analysis was performed with Ingenuity Pathway Analysis (IPA) version 2.0 soft- The total number of islands, number of islands with a minimal intensity score Ն100, and number of islands within 2 kb of an annotated gene are described. H3K4me3, histone H3 lysine 4 trimethylation; H3K9me3, histone H3 lysine 9 trimethylation. ware (Ingenuity Systems, Redwood City, CA). To perform IPA analysis, all differentially expressed genes (adjusted P Ͻ 0.005) in the distal or proximal colon were uploaded into three columns for the purpose of generating Illumina probe ID, t value (fold change), and adjusted P value (false discovery rate) data. By convention, genes that were upregulated in the distal colon are shown in red and genes that were downregulated are shown in green. By default, during IPA analysis, only molecules from the data set associated with the Ingenuity Knowledge Base repository (Ingenuity Systems) were considered. Functional Analysis identified the biological functions and/or diseases that were most significant to the data set. The significance of the association between the data set and the specific pathways of interest was determined in three ways: 1) ratio of the number of molecules from the data set that mapped to the pathway divided by the total number of molecules that mapped to the Ingenuity Knowledge Base pathway, 2) Fisher's exact test was used to calculate a P value determining the probability that the association between the genes in the data set and the pathway of interest could be explained by chance http://physiolgenomics.physiology.org/ alone, and 3) activation state ("increased" or "decreased") was inferred by the activation z score. The derivations of the z scores are based on relationships in the molecular network that represent experimentally observed causal associations between genes and those functions. "Canonical pathway" analysis was used to identify networks from the IPA library that were most significantly modulated across anatomical sites. Significance of the association between each data set and the canonical pathway was measured in two ways: 1) A ratio of the number of molecules from the data set that mapped to the pathway divided by the total number of molecules that mapped to the canonical pathway, and 2) Fisher's exact test was used to calculate P values determining the probability that the association between genes in the dataset and each canonical pathway was explained by chance alone.
"Upstream regulator" analysis was based on prior knowledge of expected associations between transcriptional regulators and their target genes stored in the Ingenuity Knowledge database, and significance for each TF was measured in two ways: Fisher's exact test (P value) was used to identify differentially expressed genes from the RNA-Seq data set that overlapped with genes known to be regulated by a TF. Since the regulation direction ("activating" or "inhibiting") of an edge is not taken into account for the computation of overlap P values, the underlying network also included findings without associated directional attribute, such as protein-DNA (promoter) binding. In addition, the activation score (z score) was used to infer the status of predicted transcriptional regulators by comparing the observed differential regulation of genes ("up" or "down") in the dataset relative to the literature-derived regulation direction, which can be either activating or inhibiting.
RESULTS
Constructing an Atlas of the Distal and Proximal Colon Epigenomes
To characterize genome-wide changes in histone trimethylation and gene transcription, we compared crypts isolated from the rat proximal and distal colon, as separated by the hepatic flexure. The overall experimental strategy is shown in Fig. 2 . ChIP was performed with antibodies recognizing trimethylated histone H3 at lysine residues 9 or 4 (H3K9me3 and H3K4me3) and active RNA Polymerase II (RPOLII). The immunopurification of soluble chromatin was assessed for enrichment by qPCR at genomic regions consistent with active and inactive chromatin states with HPRT1 and MYOD1 as positive and negative markers, respectively. As expected, enrichment of H3K4me3 at the TSS was associated with the active expression of the HPRT1 gene (Fig. 1B) . Next, we analyzed hypertrimethylated sequences of immunopurified chromatin with the Illumina HiSeq platform. Proximal and distal colon libraries generated from H3K9me3, H3K4me3, and RPOLII ChIP were sequenced on three lanes, generating Ͼ450 million 40 bp tags. Following sequencing, the reads were mapped and annotated as outlined in Fig. 1B . The H3K4me3 was regionalized close to the TSS and up to 5 kb downstream from actively transcribed genes (ENCODE Project Consortium 2007), which typically extends into the gene body and is associated with RPOLII enrichment (52, 55) . Plotting the density of all generated sequence tags versus the entire set of Ref-Seq TSS positions affirmed that H3K4me3 was predominantly regionalized (5 kbp upstream/downstream) in these genes (Fig. 3) . As anticipated, H3K9me3 peaks were not prevalent at the TSS of genes and instead were primarily associated with heterochromatic (71%) and intragenic (14%) regions of the genome. Greater than 18,000 regions across the genome were enriched for H3K4me3 and Ͼ8,000 regions for H3K9me3 (Table 1) . Sequence tags generated from proximal and distal colonic crypt ChIP-Seq were analyzed in 150 bp bins. ChIP-Seq-generated tags were subsequently aligned to the rat genome reference rn4. In total, 10,898 regions in the genome with H3K4me3 peaks were compared with the input data set. Based on anatomical location, 857 regions exhibited significant hypertrimethylation, while 98 regions were classified as hypotrimethylated (Table 2) . Surprisingly, assessment Comparison of genome-wide RNA expression with occupancy of each histone modification by colonic region (total number of genes detected within each ChIP-Seq and RNA-Seq dataset are listed within parentheses). For each colonic region, the annotated genes (RNA-Seq) that overlap with ChIP-Seq data are presented. The percentage of genes in each ChIP-Seq dataset that were also transcribed are noted as "% detected". PTM, posttranslation modification. of H3K4me3 nuclear levels revealed that the distal colon contained significantly higher (P value 0.045) amounts of trimethylated H3K4me3 compared with the proximal colon (Fig. 4) .
To assess patterns of gene expression throughout the longitudinal axis, we sequenced pooled RNA to obtain proximal (74,013,548) and distal (76,948,093) colon reads that are represented by the area under the curve in Fig. 5A . Regional gene expression was subsequently calculated by fragments per kilobase of transcript per million mapped reads (FPKM), which measures the molar concentration of a transcript by normalizing read counts to the respective mRNA length and the total number of reads in each sample. We based our gene expression pattern analysis on moderately abundant transcripts, defined as FPKM Ͼ 1 in at least one sample, with the cutoff represented as the dotted line in Fig. 5A . This corresponds approximately to one copy of RNA per intestinal cell (31) . With these criteria, the number of expressed genes totaled 9,867 in the distal colon and 9,591 in the proximal colon (Table 2) . A total of 547 differentially expressed genes were detected with a q value cutoff Ͻ 0.05 (Supplemental Data 1A) as represented by the blue dots in Fig. 5B . This group included tumor and inflammation markers CD44, PIK3CD, ALDH1A1, FOXP1 and MS4A1 (1, 28) . 1 Other cancer progression-associated genes also enclosed in our dataset were MMP9, TFF3, TNFRSF25, CCND2, CDKN1A, TCF3, and MUC1 (30) . We also detected 40 microRNAs, from which 13 were overexpressed in the proximal, and 14 in the distal colon (Supplemental Data 1A). The data in Table 3 show the top 20 differentially expressed genes in the distal and proximal colon, of which a subgroup of seven were jointly found in both the H3K4me3 and RNA datasets. Some of these genes, including ATP12A and FABP1, have been previously shown to be differentially expressed in the mouse colon (44) . Overall, 282 genes were overexpressed and 265 genes underexpressed in the distal colon, with all exhibiting H3K4me3 binding near the TSS (Table 2 ). The computed correlation coefficient between the differentially transcribed genes and the differentially regulated H3K4me3 regions was 0.72 (P value Ͻ 0.001). For validation purposes, a subset of genes involved in gastrointestinal homeostasis were further examined by RT-qPCR (Table 4) . Patterns of genes with high, moderate, and low expression were consistent across analytical platforms.
Integration of the Transcriptome and H3K4me3 Along the Colonic Longitudinal Axis
Genome-wide integration of histone PTM position with RNA-Seq data revealed that a similar number of regions in the distal and proximal colon were enriched for H3K4me3 and H3K9me3. Comparison between genome-wide RNA expression and occupancy of each histone modification by colonic region (total number of matching genes detected within each ChIP-Seq and RNA-Seq dataset) is shown in Table 5 . Overall, the occupancy of H3K4me3 in the distal colon was upregulated more than twofold in 857 genes and downregulated more than twofold in 98 genes ( Table 2 , Supplemental Data 1B). H3K9me3 occupancy in the distal colon was upregulated in 119 genes and downregulated in 37 genes ( Table 2 , Supplemental Data 1C). Of the genes upregulated at the RNA level, 45% also exhibited an elevation in H3K4me3. In comparison, 11% of the genes downregulated at the RNA level were also downmodulated with respect to H3K4me3. None of the genes transcriptionally upregulated exhibited downregulation at the H3K4me3 level, and five of the genes transcriptionally downregulated in the distal colon exhibited upregulation in H3K4me3 levels. The correlation between changes 1 The online version of this article contains supplemental material. in H3K4me3 and H3K9me3 was less distinct, with Ͻ10% of all upregulated and downregulated genes at the H3K9me3 level exhibiting any changes at the H3K4me3 level (Table 2) . Location analysis of histone modifications revealed that H3K4me3 was present at the TSS of all transcribed genes, even when expressed at relatively low levels. With respect to gene regulation, ϳ23% of the genes in which H3K9me3 was detected also produced RNA transcripts (Table 5) .
To verify that ChIP-Seq data from pooled samples were consistent with genomic features obtained from individual rats, we performed ChIP-qPCR analysis targeting the TSS of the fatty acid binding protein 1 gene (FABP1), which regulates fatty acid trafficking in the colon. H3K4me3 differences between the proximal and distal colon ranged from 1.8-fold to 11.1-fold in individual samples, compared with the ChIP-Seq at 2.1-fold (Fig. 6A) . A similar analysis was performed on FABP1 RNA expression to assess individual sample variation. Transcriptional differences between the proximal and distal colon ranged from 5.8-fold to 8.2-fold in individual samples compared with the RNA-Seq at-5.1 fold (Fig. 6B ). H3K4me3 testing of chromatin state differences between the distal and proximal colon of genes that lacked significant differential expression at the RNA level was also performed. At the TSS of NFIB H3K4me3 ranged from 12-fold to 1.2-fold higher in the distal colon of individual samples, compared with the ChIPSeq at 3.3, and in EPHB3 ranged from 2.8-fold to 1.3-fold in individual samples, compared with the ChIP-Seq at 2.2 (Fig.  6C) . These findings indicate that we obtained reliable coverage of the minimal regional difference of H3K4me3 using colonic crypt epithelial cells.
With respect to the association between H3K4me3 patterns and targeted mRNA expression, genes involved with cellular movement, including FOX1A and FOX2A, hepatocyte nuclear factors 3-alpha and 3-beta, and thioredoxin 1 (TXN1), were characterized by higher levels of H3K4me3 and gene expression in the distal colon (Fig. 7A , Supplemental Data 1A and 1B). In comparison, genes with increased H3K4me3 in the proximal colon included a cluster of gut development regulators, the homeobox B genes (HOXB8, HOXB7, HOXB5 , and HOXB4) and zinc finger transcription factor OSR2 (Fig. 7B , Supplemental Data 1A and 1B).
Cataloging Putative Middle and Long ncRNAs
For the purpose of assessing candidate middle and lncRNAs, we extracted sequences Ͼ100 nucleotides in length from prox- imal and distal colon RNA-Seq data by isolating intragenic (located in the intron of genes) and intergenic reads. Of the 135,670 regions detected in the distal colon, 65,180 (48%) were enriched with H3K4me3 (Table 6 , Supplemental Data 2A). In comparison, in the proximal colon, 60,744 intragenic and intergenic regions were detected, of which 31,025 (51%) were enriched with H3K4me3 (Supplemental Data 2B). A higher proportion of candidate ncRNA regions in the distal colon, 38,825 (29%) were enriched with H3K9me3 compared with the proximal colon, where 11,195 regions (18%) were enriched with H3K9me3 (Table 6 , Supplemental Data 2C). Approximately, 25% of the candidate ncRNAs in the distal and 36% of the intergenic region candidate ncRNAs in the proximal colon were enriched in cotrimethylated H3K4 and H3K9 (Supplemental Data 2D).
Since a genome-wide catalog of long and middle ncRNAs has not been previously generated in the colon, we compiled annotated middle and ncRNAs from rat ncRNA databases, including NONCODE, UCSC, and fRNAdb, to compose an established ncRNA database. Initial "potential ncRNAs" included protein-coding gene transcripts yet to be annotated that were aligned against the established annotated ncRNA database while allowing for zero mismatches (see METHODS) to identify ncRNAs in the epithelia of the large intestine. A total of 600 and 108 genomic regions were identified as unique middle and long ncRNA transcripts in the distal and proximal colon, respectively (Table 7 , Supplemental Data 2E). The majority of middle and long ncRNAs identified, belonged to the small cytoplasmic class of housekeeping ncRNAs. We also identified small nucleolar RNA, vault ribonucleoprotein (vault RNA), and small nuclear RNA transcripts. As expected, housekeeping ncRNAs H19, endoribonuclease RNase MRP, and 7SK were detected. Collectively, these findings are the first evidence of the presence of 7H4, EVF1, GAS5, NEAT1, NTAB, BSR RNAs, and BC1 RNA in the colon ( Table 7) .
Most of the lncRNAs detected were accompanied by H3K4me3 occupancy at the TSS (Fig. 7C) . lncRNAs that were not transcribed in the colon also lacked H3K4me3 occupancy at the corresponding genomic region. This is not consistent with protein-coding gene regions, which generally exhibited H3K4me3 enrichment in the absence of mRNA transcription (Table 5) .
Anatomically Linked Signaling Pathways
Gene networks were assessed with the IPA library of canonical pathways across colonic regions at the H3K4me3 and the transcriptional levels. Specifically, for transcriptional data, genes that were differentially expressed by at least 1.9-fold between the distal and proximal colon, with a q value cutoff Ͻ 0.05, were associated with canonical pathways per the Ingenuity Knowledge Base. The top 100 genes with at least twofold enriched occupancy of H3K4me3 and e value Ͻ 0.01 were also analyzed (Supplemental Data 3A). Significance of the association between each data set and specific canonical pathways was measured in two ways: 1) The ratio of the number of genes from the data set was mapped to annotated pathways divided by the total number of genes known to comprise that canonical pathway, and 2) Fisher's exact test was used to determine the probability that the association between the genes in the dataset and the canonical pathway were explained by chance alone. According to this approach, the phosphatidylinositol-3 kinase (PI3K) signaling cascade was the most significantly affected canonical pathway in terms of combined differential H3K4me3 occupancy and RNA transcription (Fig. 8A) . This is noteworthy, because PI3K signaling is involved in all aspects of epithelial cell biology, including the development and progression of colon carcinogenesis (9, 33) . Interestingly, Ͼ97% of the canonical pathways associated with differential H3K4me3 were also affected at the transcriptional level. Specifically, 169 canonical pathways exhibited differential H3K4me3 and 264 pathways differential expression between the distal and proximal colon (Fig. 8B, Supplemental Data 3A) .
In complementary analyses, we applied IPA Upstream Regulator analysis software to identify the cascade of transcription factors linked to the differentially expressed genes. This in silico analysis is based on prior knowledge of expected effects between transcriptional regulators and their target genes stored Transcripts Ͼ100 bp mapped to an intronic or intergenic region of the genome, considered candidates for middle and long noncoding RNAs (lncRNAs), also exhibited signs of epigenetic regulation at the histone level. in the Ingenuity Knowledge Base. Initially, we quantified known targets of transcriptional regulators present in our dataset and compared their direction of change (over-or underexpression) to predict likely relevant transcription factors (Supplemental Data 3B). For individual TFs, two statistical measures, an overlap P value and an activation z score, were computed. The overlap P values were used to rank upstream regulators based on significant overlap between differentially expressed genes and known gene targets regulated by each TF. In addition, the activation z score was used to infer likely activation states of upstream regulators based on comparison with a model that assigned random regulation directions. With this approach, Ͼ150 transcription regulators had a P value Ͻ 0.05, of these, nine received an activation z score Ͼ2.0 (Supplemental Data 3B). The TFs with predicted inhibitory activity in the distal colon include SPI1 (proviral integration oncogene), BCL6 (B-cell CLL/lymphoma 6) and RUNX1 (runtrelated transcription factor 1). TFs with projected increased activity in the distal colon include TP53 (tumor protein p53) and SMAD4 (SMAD family member 4) and histone trimethylator EZH2 (enhancer of zeste homolog 2). Resultant values and differentially regulated genes are shown in Fig. 9 .
We next identified those biological functions most significantly associated with the proximal and distal RNA-Seq datasets using the IPA Functional Analysis feature. Genes from the transcriptional dataset that were associated with biological functions in the Ingenuity Knowledge Base were considered for the analysis, of which 501 unique biological functions were detected with P values Ͻ 0.001 (Supplemental Data 3C). Assessment of predicted activation states were based on prior knowledge of expected associations between genes and their biological functions. Therefore, we compared the direction of change (over-or underexpression) to expected values from the literature. A total of 34 biological functions were assigned a predicted activation state in the distal colon by generating an activation z score Ͼ2.0 (Supplemental Data 3C). The same analysis was performed with the H3K4me3 dataset, of which 499 unique biological functions were assigned P values Ͻ 0.001, and a total of 44 were assigned a predicted activation state. The top eight most differentially active biological functions are presented in Table 8 . Fig. 8 . Canonical pathways. A: the PI3K signaling pathway was the most significantly affected canonical pathway in terms of H3K4me3 occupancy and RNA transcription. PI3K signaling activates cell survival, cell growth, and cell cycle and contributes to colon carcinogenesis. Orange highlights indicate the differential expression of genes enriched at the H3K4 trimethylation and mRNA levels. Red highlighted genes represent overexpression (distal Ͼ proximal) and green represents underexpression in the distal colon at the RNA level. PI3K-related genes differentially regulated solely at the H3K4me3 level are highlighted in pink and yellow, representing up-and downregulated genes, respectively. B: Venn diagram showing the overlap between canonical pathways linked to changes in H3K4me3 occupancy and RNA transcription.
DISCUSSION
To our knowledge, this is the first in vivo study to globally assess the chromatin state and transcriptome profile of colonic crypt epithelial cells. Chromatin structure affects several processes important to transcription, including transcription factor and polymerase recruitment, and transcriptional initiation, elongation, and cessation (24, 55) . Traditionally, because of the many technical challenges associated with ChIP-Seq, e.g., the large number of cells required, most investigators have used tissue culture-or blood-derived primary cells. However, to study epigenetic changes in gastrointestinal diseases, it is imperative that physiologically relevant animal models be utilized. Only then can the complexity of the colonic crypt be examined. Typically, the colonic crypt is composed of enterocyte cells (85%), a few stem cells, enteroendocrine cells (2-5%), and goblet cells (10%). Therefore, the results from this study are primarily, but not solely, a reflection of the biological state of enterocyte cells in the colon.
Many gastrointestinal diseases are region-specific, e.g., cancer and inflammatory bowel disease (IBD) (12, 28, 53) . The distal and proximal colon offers a unique and relevant backdrop to study epigenetic regulation at the trimethylation level of histones. Differential levels of H3K4me3 and H3K9me3 and DNA binding across the intestinal longitudinal axis suggest that many of the pathway-and gene activity-related anomalies previously linked to intestinal disease states may be anatomically imprinted along the longitudinal axis of the colon (34, 36, 44) . Consistent with the findings in this study, site-specific differences in global histone modification patterns and protooncogene expression were detected. Most notably, CD44, an independent and strong predictive factor of proximal tumors, was upregulated in the proximal colon (28) . This emphasizes Fisher's exact test was used to determine overlap between the differentially expressed genes and those genes regulated by the TF. Activation z scores indicate whether an upstream TF has significantly more "activated" than "inhibited" or vice versa. the need to assess the molecular profiles of the proximal and distal colon and treat them as separate entities. Along these lines, the chemoprotective nonsteroidal anti-inflammatory drug (NSAID) sulindac is an effective chemopreventive agent in the distal colon of AOM-treated mice. Conversely, in the proximal colon, it triggers a distinct profile of inflammatory factors and induces lesions (30) . Thus, this NSAID has both beneficial and harmful effects in vivo, which are associated with the distinct microenvironments within the colon of experimental mice (30) . As expected, colonic crypts from our noncarcinogenic model exhibited only very low levels of iNOS and COX2. We propose that the distinct epigenetic profile of the colonic regional axis prior to the onset of disease may influence the ability of chemoprotective agents to favorably modulate cell transformation in the ascending (proximal) and descending (distal) colon.
Constructing an Atlas of the Distal and Proximal Colon Epigenomes
It is known that dense H3K4me3 nucleosomes associated with gene activation can indicate the presence of ncRNA transcripts and are disrupted during the onset of disease (17) . In our study, the number of upregulated H3K4me3 nuclear binding sites across the genome was higher in the distal colon ( Table 2) . Assessment of H3K4me3 nuclear levels reveal that the distal colon contained 30% higher levels of trimethylated H3K4me3 compared with the proximal colon (Fig. 4) . These findings suggest the existence of an H3K4me3 gradient along the colonic longitudinal axis. Interestingly, the levels of H3K4me3 binding in individual animals pooled for ChIP-Seq analysis fluctuated to a greater extent relative to mRNA expression in the proximal colon (Fig. 6 ). These data suggest that H3K4me3 has to reach a certain threshold level of upregulation in the proximal colon to trigger increased transcription. After the threshold is reached, any greater increase in H3K4me3 binding may have no effect on transcription.
The accuracy and relevance of the colonic gene expression patterns are in agreement with previously reported protein profiles from the distal and proximal colon of mice and CRC patients, including an increase in CD44 in patients suffering from proximal colon cancer (28, 30) . Interestingly, it has been predicted that Ͼ1,000 genes have yet to be annotated in the murine genome (50) . By correlating genome-wide H3K4me3 binding with transcription data, we were able to increase detection accuracy of unannotated genes in the colonic mucosa. As summarized in Table 6 , many RNA transcripts colocalized with H3K4me3 binding regions can be used as a means to identify strong candidate genes for future coding and noncoding RNAs annotation (23, 52) . Consistent with previous findings in other cell types, several lncRNA genes (NEAT1, H19, and GAS5) exhibited H3K4me3 binding at their TSS regions (Fig. 7C) . With the exception of H19, our findings demonstrate for the first time the presence of seven lncRNAs (Table 7) in the colon. In accordance with messenger RNA annotation and classical methodology for RNA-Seq, we excluded all transcripts Ͻ100 bp. Therefore, it is not surprising that only 44 out of 383 annotated microRNAs were detected in our RNA-Seq dataset (Supplemental Data 1A).
Proto-oncogene Networks Influenced by Location
A common therapeutic strategy in treatment of disease includes targeting biological pathways as opposed to an individual gene. Pathway analyses, including biological function, canonical pathway, and upstream transcriptional regulator analyses, can expose the underlying vulnerabilities in the healthy colon to specific diseases. Our biological function analyses of the RNA-Seq data revealed a location bias associ- RNA and H3K4me3 up-and downregulated genes that exhibited significant differential expression between the colonic tissue types were associated with a biological function (P value) and a statistical score (activation z score). Right-tailed Fisher's exact test was used to calculate P values determining the probability that each biological function was due to chance alone. The activation state ("increased" or "decreased") in the distal over proximal colon was inferred by the activation z score. These z scores define relationships in the molecular networks that represent experimentally observed causal associations between genes and their functions. ated with gastrointestinal diseases in the distal and proximal colon. These include the expression of 28 IBD-associated genes, among which PIK3CD, TLR4, CD44, B3GNT6, CASP1, MMP9, MUC1, STAT4, TFF3, and TLR5 have been linked to digestive tract tumorigenesis (Supplemental Data 1A and 3B) (14) . H3K4me3 occupancy in these IBD-associated genes was not differentially regulated. Surprisingly, our functional analysis of H3K4me3-Seq data indicate that genes associated with diabetes mellitus, and not IBD, were differentially regulated at the H3K4me3 occupancy level. However, few of these genes exhibited changes at the RNA level. Collectively, these data suggest that concurrent analysis of gene expression and histone PTM provides higher sensitivity for determining susceptibility to intestinal disease onset.
The physiological differences between the proximal and distal colon can be further illuminated by examining the activity of upstream transcriptional regulators. Upstream Regulator IPA provided insight into signaling directionality along the colonic axis. By linking gene expression data with known targets regulated by a TF, we were able to predict which of the observed changes may mediate disease progression. For example, the HOXB gene cluster associated with gastrointestinal development and regulation was prevalently active in the proximal colon, where it seems transcriptional upregulation of HOXB3 activity leads to chromatin modification and RNA downregulation of HOXB4, 5, 7, and 8 (Figs. 7B and 9). These increases in HOXB genes have also been previously documented in hypoplasia and Hirschsprung's, diseases prevalent in the proximal colon (15) .
SMAD4, a biomarker for prognosis of colorectal cancer, was identified as a highly active TF in the distal colon (Fig. 9) . Gene expression profiles in our study are consistent with SMAD4 upregulation during the promotion of tumorigenesis in the distal colon (43) . These observed patterns include increased activity of SMAD4 and TGFB and increased transcription of FOS and BMP2 (Supplemental Data 1A and 3C). Based on these findings, we propose that the projected increase in EZH2 TF activity in the normal distal colon could predispose this region of the intestine to future EZH2-mediated oncogenic activity (32) . We suggest the pathway is only partially activated under normal physiological states. The promotion of cancer would require the aberrant expression of a priming signal, e.g., the expression of IGFBP2, which is known to appear solely in the distal colon during carcinogenesis (11) . This would subsequently alter PI3K/Akt-induced activation of PRC2, thereby promoting tumorigenesis (11, 39) . As further proof of the relevance of our upstream regulator analyses, TP53, EZH2, and RUNX1 mutations are currently used as biomarkers of poor prognosis in colon cancer (13, 42, 47) (Fig.  9 , Supplemental Data 3C).
Peroxisome proliferator activator receptor gamma (PPAR-␥), which is more highly expressed in the distal colon, is the target of many antidiabetic and chemotherapeutic drugs (35) . PPAR signaling also plays a key regulatory role in lipid metabolism, inflammation, and cellular differentiation (22) . In Fig. 10 we suggest the function of the PPAR regulatory pathway in our model. Our data, including genes ATP12A, FABP1, SOCS3, SLC5A8, APQ3, SLC37A2, and PPAR-␥, are corroborated by previous findings indicating that PPAR-␥ activity in the colonic epithelium is complex and likely regulated by a number of factors that remain largely unknown (35, 44) . Many of the identified connections have only been detected following deregulation of cellular function, further sup- Fig. 10 . PPAR signaling in the proximal and distal colon is linked to disease-associated genes. Validated targets of PPAR genes and their direction of change were compared in the proximal and distal colon. Orange highlights indicate the differential expression of genes enriched at the H3K4 trimethylation and mRNA levels. Red highlighted genes represent overexpression (distal Ͼ proximal), and green represents underexpression in the distal colon at the RNA level.
porting the concept that innate, epigenetic differences play an important role in the colon (8, 41, 45) .
In summary, we have documented for the first time the chromatin structure associated with gene expression profiles in the rat proximal and distal colon by correlating ChIP-Seq with RNA-Seq data. Globally, ϳ500 genes were differentially expressed between the proximal and distal colon. With regard to differentially expressed genes, a high correlation was observed between H3K4me3 occupancy and RNASeq data. Gene ontology analysis indicates that colonic crypt location significantly affected both chromatin and transcriptional regulation of genes involved in cell transformation, lipid metabolism, lymphatic development, and immune cell trafficking. We were also able to detect a range of lncRNAs that have not been previously reported in the colon. In addition, gene function analysis indicated that the PI3K signaling pathway was regulated in a site-specific manner. In conclusion, distinct combinatorial patterns of histone modifications exist in the proximal versus distal colon. These site-specific differences may explain the differential effects of bioactive chemoprotective agents on cell transformation in the ascending (proximal) and descending (distal) colon.
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